I. INTRODUCTION
Oxide semiconductors and insulators are currently found in a broad range of products and are on the horizon for future optical, electronic, and energy applications. The diverse range of physical properties exhibited by oxides offer nearly limitless possibilities for electronic devices. 1 Oxides show novel phenomena such as hightemperature superconductivity, 2 ferroelectricity, 3 and colossal magnetoresistance. 4 These materials exhibit complex phase behavior that depends on temperature, doping, or the application of stress. Furthermore, interfaces between different oxides produce unexpected properties. The interface between insulating strontium titanate (SrTiO 3 ) and lanthanum aluminate (LaAlO 3 ), for example, forms a highly conductive layer. 5 One class of material, transparent conducting oxides (TCOs), combines two features that are not typically found in the same substance, electrical conductivity and optical transparency. 6 Whereas p-type TCOs do exist, 7 n-type conductivity is more common. Tin oxide (SnO 2 ), doped n-type with antimony on the substitutional tin site or fluorine on the oxygen site, is used as a coating on lowemissivity windows and heated freezer windows. 8 A dominant market for TCOs is provided by flat-panel displays. These ubiquitous devices use indium (III) oxide (In 2 O 3 ) doped with tin (Sn) donors, referred to as indium tin oxide (ITO), as a transparent electrode. ITO is also used as the front contact in photovoltaic solar cells. 9 The market for ITO is so large that demand for indium has caused the price of that scarce commodity to increase significantly. The high cost of indium has stimulated interest in alternative materials such as SnO 2 , gallium (III) oxide (Ga 2 O 3 ), and zinc oxide (ZnO). 10 The origin of n-type conductivity in TCOs is a subject of controversy. 11 Thin films of In 2 O 3 without intentional doping often show free-carrier concentrations in the 10 20 cm À3 range. 12 The prevalence of such high carrier concentrations has historically been explained by native defects; namely, oxygen vacancies and cation (indium) interstitials. However, the culpability of these "usual suspects" has been challenged by density functional theory (DFT) calculations. For a range of TCOs, these calculations indicate that the oxygen vacancy is a deep donor, whereas interstitials are too mobile to be stable at room temperature. 13 As discussed further in this article, hydrogen is a common contaminant that can lead to n-type doping.
A second possible source of n-type conductivity is surface defects. Photoemission spectroscopy experiments have shown that the surface Fermi level lies within the conduction band in In 2 O 3 .
14 This means that donor defects on or near the surface contribute to a highly conducting accumulation layer. A combined theoretical and experimental study suggested that such surface defects might dominate the conduction properties of thin-film In 2 O 3 . 15 Specifically, an oxygen vacancy on the surface was calculated to have a donor level nearly degenerate with the surface conduction band minimum. Surface conduction layers have also been measured in ZnO.
Surface states are especially important in nanocrystals, due to their high surface-to-volume ratio. The sensitivity of these states to the surrounding environment provides the basis for gas-sensing applications. 18 In general, surface states are complicated, and probably involve impurities such as hydrogen. In ZnO nanocrystals, a red luminescence band has been attributed to intra-gap surface states. 19, 20 The electrical conductivity of such nanocrystals is extremely sensitive to hydrogen exposure, which increases free-electron concentrations by several orders of magnitude. 21 In addition to electronic applications, oxides are also used in hydrogen fuel cells. In a solid-oxide fuel cell (SOFC), oxygen ions (O 2-) are produced at the air electrode. The O 2-ions migrate through the solid oxide electrolyte until they reach the fuel electrode, where they combine with hydrogen to produce water. Oxide materials with high concentrations of oxygen vacancies are desirable, for high oxygen conductivity. 22 Yttria-stabilized zirconia (YSZ) is a preferred material for SOFCs. Another type of electrolyte is a proton conductor, which is typically a perovskite oxide such as barium cerium oxide (BaCeO 3 ). 23 Oxides may also provide a means of hydrogen production, via photochemical splitting of water. In this process, a solar photon produces an electron and hole, which catalyze the formation of H 2 and O 2 . Titania (TiO 2 ) was the first oxide used for this purpose. 24 Other materials include titanates, tantalates, and niobates. 25 Hydrogen is usually present in oxide materials and can have a strong effect on the electrical conductivity. Two types of hydrogen donors are interstitial hydrogen, in which the proton forms an O-H bond with a host oxygen atom, and substitutional hydrogen, where the proton occupies an oxygen vacancy. Hydrogen may also exist as H 2 molecules, which are electrically neutral and, unlike O-H pairs, do not absorb infrared (IR) light. Finally, hydrogen can form complexes with acceptor dopants and cation vacancies. By attaching to dangling bonds, hydrogen fully or partially passivates the acceptor levels. The resulting reduction in ionized impurity scattering improves electrical mobility in n-type samples.
Depending on the position of the Fermi level, the equilibrium charge state of interstitial hydrogen is 11 or À1. The position of the H(1/À) level defines the point at which hydrogen goes from being a donor to an acceptor. If the Fermi level is above the H(1/À) level, then hydrogen acts as an acceptor and assumes a À1 charge state. If the Fermi level lies below the H(1/À) level, hydrogen is a donor and has a charge of 11 (i.e., it is a proton). Theoretical studies have suggested that the H(1/À) level is "universal" and does not depend on the details of the host lattice. 26, 27 Qualitatively, the low conduction band (high electron affinity) of oxide semiconductors means that hydrogen tends to act as a donor. Muons, which act as analogs of hydrogen, have been used to probe this property in many semiconductors. 28 Muonium was shown to be a shallow donor in In 2 O 3 and SnO 2 , 29 cadmium oxide (CdO), 30 and Ga 2 O 3 . 31 Figure 1 shows the H(1/À) level according to two theoretical studies and muon-implantation experiments. The valence-band offsets were taken from the theory 26, 27 whereas the energy values are relative to vacuum, according to Ref. 28 . One can see that there is a spread of almost 1 eV in the reported H(1/À) values. Furthermore, a recent theoretical study suggests that H(1/À) levels in various oxides are not well aligned, but are scattered over ;2 eV. 32 Resolving these apparent discrepancies will be an important topic for future research.
Section II discusses the presence of hydrogen in several oxide materials, with an emphasis on the microscopic structure of hydrogen complexes in bulk crystals. Fourier transform infrared (FTIR) spectroscopy is the preferred method for studying hydrogen vibrational modes. In this article, vibrational frequencies are the values at low temperatures (5-12 K) unless noted otherwise.
II. SPECIFIC MATERIALS A. ZnO
ZnO has the wurtzite crystal structure and is relatively easy to grow in bulk or thin-film form. 33, 34 As noted in Sec. I, ZnO is an alternative to ITO for transparent contacts in solar cells 35 and transparent electronics. 36 It is also an efficient light emitter, with a band gap of ;3.4 eV at room temperature, making it a candidate for solid-state lighting. The past decade of research has uncovered many interesting defect properties, most of which are also relevant to other oxides. double donors (e.g., Refs. 38-41). The oxygen vacancy is an example of a "negative U" defect, in which the neutral or 12 charge state is always energetically preferred over the 11 charge state. When the Fermi level is above the (0/21) donor level, the oxygen vacancy is occupied and neutral. When the Fermi level is below the (0/21) level, the donor is empty and has a charge of 12. The (0/21) level is estimated to lie 1-2 eV below the conduction band minimum. At thermal equilibrium, such a deep level contributes essentially zero free electrons at room temperature. Electron paramagnetic resonance (EPR) experiments, 42 combined with illumination by visible light, 43 have supported the theoretical claim that oxygen vacancies are deep donors. Another native defect, the zinc interstitial, has also been proposed as a source of n-type conductivity in ZnO. Whereas it is probably indeed a shallow donor, calculations have shown that the zinc interstitial has a low migration barrier. 44 At room temperature, it will simply migrate to the surface or become trapped by a defect. This is in agreement with EPR experiments that show zinc interstitials to be unstable at room temperature. 42 With native defects out of the picture, hydrogen is considered to be an important contributor to n-type conductivity. There are two forms in which hydrogen acts as a shallow donor, interstitial and substitutional hydrogen. Interstitial hydrogen forms an O-H bond that gives rise to a bond-stretching peak in the IR absorption spectrum. There are two different interstitial hydrogen donors, with peaks at 3326 cm À1 (McCluskey et al. 45 ) and 3611 cm À1 (Lavrov et al. 46 ). Whereas it has been proposed that the 3326 cm À1 line may be an O-H pair adjacent to a calcium impurity, [47] [48] [49] this model has not been established experimentally. Both interstitial hydrogen donors are unstable at room temperature, decaying away after a few weeks (Fig. 2) . 50 Some of the hydrogen atoms form H 2 molecules, which are electrically neutral and "hidden" from IR spectroscopy. 51, 52 Since interstitial donors are unstable, they are not responsible for the prevailing n-type conductivity in ZnO samples.
Substitutional hydrogen, in contrast, is believed to be a shallow donor that is stable to ;500°C. 51 Firstprinciples calculations showed that the hydrogen atom sits in an oxygen vacancy and forms weak bonds with the neighboring zinc atoms. 53 Because the bonds are weak, its predicted vibrational frequency is low (;800 cm À1 ), lying in a spectral region with strong IR two-phonon and free-carrier absorption. For this reason, detecting substitutional hydrogen by IR spectroscopy presents a technical challenge. To our knowledge, substitutional hydrogen has not been observed with IR spectroscopy in other oxides either, presumably for the same reason. Photoluminescence spectra at low temperatures show several sharp lines corresponding to substitutional donors in ZnO. 54 The "I 4 " line has been assigned to substitutional hydrogen donors. 53, 55 Along with its role as a shallow donor, hydrogen also passivates acceptors. In ZnO, the zinc vacancy is a double acceptor and is fully passivated by two hydrogen atoms. In essence, the hydrogen atoms provide the electrons that were taken away by the missing zinc atom. The protons then bind to oxygen atoms, resulting in two IR absorption peaks. 46 Hydrogen also has been known to passivate the deep acceptors copper 56 and lithium. 57, 58 In both complexes, hydrogen attaches to an oxygen atom, forming an O-H bond.
Nitrogen acceptors are passivated by hydrogen in bulk ZnO grown in ammonia by chemical vapor transport 59 and in thin films grown by metalorganic chemical vapor deposition. 60 Through isotopic substitution, Jokela and McCluskey showed that the IR absorption peak at 3151 cm À1 corresponds to the bond-stretching mode of a N-H pair (Fig. 3) . 61 The local vibrational mode frequency agreed with a theoretical model, in which the hydro- 62 gen attaches to the nitrogen acceptor in an "antibonding" orientation. 62 The study of N-H complexes was essential for understanding the nature of nitrogen acceptors in ZnO. As reviewed in Ref. 37 , numerous theoretical and experimental reports claimed that nitrogen is a shallow acceptor dopant that could produce p-type material. However, more recent calculations have indicated that nitrogen is a deep acceptor with a (0/-) level over 1 eV above the valenceband maximum. 63, 64 To test the theory, experiments were performed on bulk, single-crystal ZnO:N samples that were grown in an ammonia ambience. 65 In these samples, the majority of the nitrogen acceptors were passivated. To activate the nitrogen acceptors, the samples were annealed, causing the N-H pairs to break up. This led to a decrease in the N-H peak intensity and an increase in "red" luminescence centered at ;730 nm (1.70 eV). The red luminescence is in agreement with the predictions of the deep-acceptor model. 63 These results provided evidence that nitrogen is a deep acceptor in ZnO and cannot lead to p-type conductivity.
Regarding hydrogen diffusion, experiment and theory are at odds. Experimentally, a hydrogen migration barrier of ;1 eV has been found by Mollwo, 66 Thomas and Lander, 67 and Nickel. 68 This value concurs with the temperature-dependent decay of interstitial hydrogen donors, which has activation energy of 0.96 eV. 50 However, local density approximation (LDA) calculations predict a much lower migration barrier of 0.4-0.5 eV. 69, 70 The reason for this major discrepancy is not currently known.
B. SnO 2
Tin oxide, also known as stannic oxide or cassiterite in its mineral form, has the rutile crystal structure and a direct band gap of 3.6 eV. 71 Fluorine-doped SnO 2 is used as a transparent electrode for thin-film amorphous silicon-and cadmium telluride (CdTe)-based solar cells 72 and dye-sensitized solar cells. 73 Transparent thin-film transistors have also been fabricated. 74 As discussed in Sec. I, SnO 2 coatings are used to improve the energy efficiency of windows, by transmitting visible light while reflecting IR light. 75 They are also used as transparent electrodes in electrochromic windows, in which the window transparency is controlled by an applied voltage. 76 Finally, SnO 2 is used in gas-sensing applications, in which the conductivity changes in the presence of specific gas molecules. 77 The sensitivity to molecules such as carbon monoxide increases significantly when SnO 2 particles have a diameter smaller than 10 nm. 78 As with many other oxides, the prevailing assumption that oxygen vacancies are responsible for n-type conductivity was challenged by DFT calculations. 79 These calculations estimated that the (0/21) donor level is ;1.8 eV above the valence band maximum, which is in the middle of the band gap. Such a deep level cannot contribute an appreciable concentration of free electrons to the conduction band. The tin interstitial was calculated to have high formation energy in n-type material, resulting in a negligible concentration. The authors proposed instead that substitutional and interstitial hydrogen could act as shallow donors in SnO 2 .
The theoretical predictions were tested experimentally by annealing bulk, single-crystal SnO 2 in H 2 gas at 600°C. 80 An IR peak observed at 3156.1 cm À1 was attributed to interstitial hydrogen, with the O-H bond aligned perpendicular to the c-axis. The hydrogenated samples showed free-carrier absorption and an increase in electrical conductivity, consistent with the shallow-donor nature of interstitial hydrogen. As in ZnO, the O-H peak is unstable, decaying away after a few weeks at room temperature (Fig. 4) .
Along with interstitial hydrogen donors, hydrogenated SnO 2 also showed a series of O-H peaks in the 3250-3350 cm À1 range. From first-principles calculations, it was proposed that two of these peaks arise from tin vacancies decorated with one hydrogen atom. 80 Two different orientations of the O-H bond result in two different vibrational frequencies (3261.7 and 3282.0 cm À1 ). The hydrogen atom partially passivates the tin vacancy, converting it into a triple acceptor. The calculated formation energies for these (V Sn -H) À3 defects is low for n-type material.
Experiments by Bekisli et al. 81 confirmed the assignment of the 3156.1 cm À1 peak to hydrogen donors. By correlating the strength of this peak with that of free-carrier absorption, the authors determined that a second donor, probably substitutional hydrogen, was stable to 600°C. The properties of interstitial and substitutional hydrogen donors are remarkably similar to those in ZnO. Through systematic IR polarization spectroscopy, they assigned the peaks in the 3250-3350 cm À1 range to defects containing FIG. 4 . IR spectra (10 K) of O-H peaks from interstitial hydrogen donors and defect-hydrogen complexes in SnO 2 . 80 The top spectrum was taken after an 11 day "anneal" at room temperature. one or two hydrogen atoms. All but two lines were polarized perpendicular to the c-axis.
First-principles calculations by Varley et al. 82 showed that the acceptors aluminum, gallium, and indium readily substitute for tin, perhaps providing a way toward p-type doping in SnO 2 . They are all passivated by hydrogen, resulting in O-H bonds that should give rise to well-defined vibrational peaks in the IR spectrum. To our knowledge, however, these acceptor-hydrogen complexes have not been observed experimentally.
C. TiO 2
Titanium dioxide or titania has an indirect band gap of 3.0 eV in the rutile structure and 3.2 eV in the anatase structure. 83 It is widely used as a white pigment in paint. TiO 2 surfaces, especially the well-characterized rutile (110) surface, are used in photocatalytic processes such as water splitting (Sec. I) and photodegradation of organic molecules. 84 The surface adsorption of various organic species has been studied extensively with FTIR spectroscopy. 85 TiO 2 is a preferred material for photoelectrochemical solar cells. 86 In these devices, sunlight creates an electron and hole in the TiO 2 . The electron travels through an external circuit whereas the hole is "scavenged" by a molecule in the electrolyte. Dyesensitized solar cells use a monolayer of dye molecules to push the absorption profile into the visible. 87 Rutile TiO 2 shows various hydrogen vibrational modes, including one with a frequency 3290 cm À1 that corresponds to an O-H bond aligned perpendicular to the c-axis. 88 Herklotz et al. 89 investigated the fine structure of this mode and its temperature dependence. They attributed two IR absorption peaks, at 3288.3 and 3292.0 cm À1 , to the neutral charge state, and a mode at 3287.4 cm À1 to the 11 charge state. As the sample was warmed up, the increase in the 3287.4 cm À1 line was correlated with an increase in freecarrier absorption. These results suggest a shallow donor with ionization energy of 10 meV. The experimental work is in contrast to the calculations of Filippone et al., which predicted that interstitial hydrogen should be a deep donor. 90 Other calculations, however, found that interstitial hydrogen is a shallow donor in TiO 2 . 27, 91, 92 The vibrational lifetime of the O-H bond-stretching mode provides information that is relevant to hydrogen diffusion. IR pump-probe experiments measured the temperature dependence of the ground-state recovery lifetime. 93 The shape of the lifetime-versus-temperature curves suggest that the O-H stretch mode quickly couples to a wag mode, which enables it to migrate to a neighboring oxygen site. This model implies that IR light can lead to a giant enhancement of hydrogen migration in TiO 2 .
The theoretical situation for oxygen vacancies is an area of some disagreement. DFT calculations using the generalized gradient approximation (GGA) show that the 12 charge state of the oxygen vacancy is energetically preferred for all values of the Fermi level within the band gap; i.e., it acts as a shallow double donor. 92, 94 However, DFT calculations, using a local spin density 1 U method, find that the oxygen vacancy is a deep donor. We note that this latter technique was the same one that also found hydrogen to be a deep donor. 90 D. In 2 O 3 and Ga 2 O 3 As discussed in Sec. I, In 2 O 3 is the preferred TCO for flat-panel displays and other applications. Despite its popularity and success, relatively little is known about the properties of hydrogen impurities. In 2 O 3 has the bixbyite crystal structure, with 80 atoms in the conventional cell. Although it has a direct band gap of 2.7 eV, 95 strong dipole-allowed absorption occurs ;1 eV above this value, making it quite transparent up to ;3.7 eV. Koida et al. 96 demonstrated that hydrogen doping of sputtered films resulted in free-electron concentrations of 3 Â 10 20 cm
À3
and mobilities as high as 130 cm 2 /V·s. Calculations by Limpijumnong et al. 97 indicated that substitutional and interstitial hydrogen act as shallow donors, in agreement with experiment. Researchers have exploited the effect of hydrogen on conductivity, using nanocrystalline In 2 O 3 thin films as hydrogen gas sensors. 98 The (0/21) donor level of the oxygen vacancy was calculated to lie close to the experimental conduction-band minimum, suggesting that it may act as a shallow donor. 99 b-Ga 2 O 3 has a monoclinic crystal structure and a direct band gap of 4.9 eV, giving it transparency well into the UV. 100 DFT calculations indicate that oxygen vacancies are deep donors, whereas interstitial and substitutional hydrogen are shallow donors. 101 Whereas isolated cation vacancies are energetically unfavorable in SnO 2 and In 2 O 3 , gallium vacancies have low formation energy in Ga 2 O 3 . 13 In the presence of hydrogen, however, the formation energies are reduced and vacancy-hydrogen complexes may form in all three materials.
E. SrTiO 3
SrTiO 3 is a perovskite oxide (Fig. 5) with an indirect band gap of 3.25 eV 102 and is commonly used as a substrate for oxide thin films, including high-T c superconductors. 103 The observation of blue light emission in irradiated SrTiO 3 suggests potential optoelectronic applications. 104 The cubic perovskite structure undergoes a symmetrylowering transition to a tetragonal phase below 105 K, which involves a rotation of the oxygen octahedron with respect to the strontium cage. 105 Its dielectric constant depends strongly on temperature, increasing from a few hundred at room temperature to tens of thousands at low temperatures. The dielectric screening of ionized impurities at low temperature contributes to excellent free-electron mobilities. 106 Although p-type SrTiO 3 has been reported via doping with scandium 107 and indium, 108 the evidence-as with claims of p-type ZnO-is far from conclusive.
In as-grown SrTiO 3 , hydrogen forms an O-H bond with a host oxygen atom, resulting in an IR absorption peak near 3500 cm À1 due to the bond-stretching vibration. 105 In samples annealed in hydrogen gas, Tarun and McCluskey 109 investigated this peak, labeled H I , along with a pair of peaks at 3355 and 3384 cm
À1
, labeled H II . All the peaks showed an expected isotope shift to lower frequency when samples were annealed in deuterium. When samples were annealed in a mixture of hydrogen and deuterium, new H II peaks appeared. These peaks corresponded to HD centers, showing unambiguously that the H II center contains two hydrogen atoms.
The structures of the hydrogen complexes are not known definitively. Theoretical studies have suggested that the H I line arises from an isolated hydrogen interstitial 110 whereas H II represents a pair of hydrogen interstitials that are attracted to each other via lattice strain. 111 Tarun and  McCluskey  109 attributed H II to a strontium vacancy that is fully passivated by two hydrogen atoms. However, the experimental results cannot exclude the possibility that H II is a titanium vacancy decorated by two hydrogen atoms, 112, 113 or two neighboring hydrogen interstitials. 111 Furthermore, one must consider the possibility that the H I configuration is a defect-hydrogen complex rather than simply isolated hydrogen.
112
By monitoring the evolution of peaks in deuterated SrTiO 3 , Tarun and McCluskey 109 provided evidence for "hidden hydrogen," possibly H 2 molecules, in the sample. As shown in Fig. 6 , the deuterated sample contains O-D peaks corresponding to the H I and H II configurations. When the sample is annealed at 500°C, one can see the appearance of an HD peak. This occurs because a hydrogen atom has come out of its reservoir and replaced a deuterium atom. At the same time, the H I O-H peak increases, for the same reason. At 600°C, the released hydrogen atoms have totally replaced the deuterium atoms. Future studies, perhaps involving Raman spectroscopy, will be performed to determine the identity of the hidden hydrogen.
III. CONCLUSIONS
Hydrogen is an impurity that is present in essentially all oxide materials and can have a major effect on electrical properties. Several "universal" phenomena are observed in many, if not all, oxide semiconductors. Interstitial and substitutional hydrogen act as shallow donors, with the substitutional form being much more stable. Oxides often contain "hidden hydrogen," possibly H 2 molecules, that can become mobile and electrically active upon annealing. Hydrogen readily passivates dangling bonds in cation vacancies. In ZnO and SrTiO 3 , for example, vacancy defects with two hydrogen atoms have been observed. Finally, hydrogen passivates substitutional acceptors such as nitrogen in ZnO. Whereas theories have proposed the existence of a universal donor level for interstitial hydrogen, there is significant disagreement over where this level lies and whether it is really constant for oxide semiconductors.
In the future, improving our understanding of hydrogen in oxide semiconductors could lead to a host of new applications. The challenge of p-type doping, in particular, will need to take hydrogen into account, since hydrogen can be expected to aggressively passivate any acceptors in the material. Deliberate passivation of compensating acceptors, on the other hand, could lead to higher electron mobilities in n-type TCOs. The structural, electronic, and vibrational properties of vacancy-hydrogen complexes in oxides such as titanates are still not well known. These complexes could have a major influence on carrier mobilities and, at high concentrations, may affect phenomena such as ferroelectric phase transitions.
